previous spinal cord injury that begins several months to years after initial trauma. 13, 20, 31, 32, 51, 57, 60, 62, 71 The incidence of syringomyelia following trauma that produces paraplegia was previously estimated to be 1%-4%, although with the availability of MRI the incidence appears to be much higher. 18 Postinflammatory syringomyelia results from a delayed reaction to meningitis, either infectious or chemical. 6, 15, 16, 29, 52, 65 Syringomyelia also occurs in association with compression of the CSF pathways by extramedullary tumors, osteophytes, or herniated intervertebral discs. 1, [7] [8] [9] 25, 28, 41, 42, 46, 55, 69, 74 In contrast, when syringomyelia is associated with an intramedullary tumor, the CSF pathways are usually not obstructed, and syrinx fluid is thought to arise from the tumor. 40 Syrinx fluid in PSS is identical to CSF, whereas syrinx fluid in syringomyelia associated with an intramedullary tumor is highly proteinaceous. 9, 21, 38, 49 We previously reported the results of physiological studies that support the theory that progression of syringomyelia associated with the Chiari Type I malformation is produced by the cerebellar tonsils partially occluding the subarachnoid space at the foramen magnum and acting as a piston on the partially enclosed SAS, creating enlarged cervical subarachnoid pressure waves that compress the spinal cord from without, not from within, and propagate syrinx fluid caudally with each heartbeat, which leads to syrinx progression. 23, 24, 50 Surgery limited to suboccipital craniectomy, C-1 laminectomy, and duraplasty eliminated this mechanism and relieved syringomyelia without the risk of more invasive procedures. 23, 24, 50 Since the mechanism responsible for syringomyelia associated with Chiari Type I malformation is occlusion of the subarachnoid space, in the current study we hypothesized that the same mechanism-occlusion of the subarachnoid space associated with increased amplitude of the subarachnoid CSF pulse pressure wave-is also the mechanism underlying syringomyelia in patients with PSS.
We postulate that the development and progression of PSS results from a mechanism of several steps that begins with obstruction of CSF flow within the SAS. This obstruction affects spinal CSF dynamics because the SAS accepts the fluid that is displaced from the intracranial subarachnoid cisterns as the brain expands during cardiac systole. In PSS, a subarachnoid block shortens the length of the SAS, reducing its compliance and impairing its ability to dampen the subarachnoid CSF pressure waves produced by brain expansion during cardiac systole. Spinal subarachnoid pressure waves that occur with every heartbeat would consequently have greater amplitude (pulse pressure) than normal and would act on the spinal cord above the block to drive CSF into the spinal cord, creating spinal cord edema that later coalesces into a syrinx. 23, 26, 50, 56, 63 After a syrinx is formed, the enlarged waves compress the external surface of the spinal cord, propel the syrinx fluid, and promote syrinx progression (Fig. 1) . 23, 34, 50 To test this hypothesis, we designed and carried out this prospective clinical investigation. Because surgery in patients with Chiari Type I malformation enhanced spinal CSF compliance, reduced subarachnoid CSF pressure and pulse pressure, and produced syrinx resolution and clinical stabilization or improvement, 23, 34, 50 we anticipated that surgery for PSS that had similar effects on the spinal CSF physiology would engender a favorable clinical outcome. 13, 33, 62 
Methods

Study Protocol
Thirty-six adult patients (age range 26-58 years, mean age [± SD] 43.4 ± 9.0) with PSS were enrolled in the clinical research protocol, "Establishing the Pathophysiology of Primary Spinal Syringomyelia (NINDS 01-N-0085)." Clinical trial registration no.: NCT00011245 (http://clinical trials.gov/ct2/show/NCT00011245?term=syringomyelia &rank=2). We compared CSF pressure data obtained in these patients with those in 18 healthy adult participants (age range 23-61 years, mean 33.2 ± 9.3 years) previously obtained in the clinical protocol, "Establishing Normal CSF Physiology to Allow Comparison with Syringomyelic CSF Physiology (NINDS 94-N-0160)." 23 The institutional review board of the NINDS approved the research. Informed consent was obtained from each patient and each healthy volunteer. 23 All patients and healthy volunteers were evaluated and treated at the Clinical Center of the National Institutes of Health.
All patients exhibited myelopathy caused by syrin- Fig. 1 . Illustration of the proposed mechanism of syringomyelia formation and progression. A: Brain expansion during cardiac systole creates a CSF pressure wave (long, straight arrows), which is normally dissipated throughout the length of the spinal canal, particularly in the lumbar thecal sac. B: Obstruction of the SAS prevents normal damping of the CSF pressure wave, reduces compliance, and directs CSF into the Virchow-Robin spaces of the spinal cord by excess CSF pulsation (arrows). C: Over time, CSF within the central gray matter of the spinal cord coalesces into a syrinx. After formation of a syrinx, enlarged spinal CSF pressure waves (curved arrows) also act on the spinal cord to propel syrinx fluid and elongate the syrinx.
gomyelia. To enter the protocol all patients were required to have evidence of progressive neurological deterioration related to syringomyelia. Eighteen patients had a previous trauma, 14 reported no antecedent events, 2 had a history of meningitis, 1 had previously undergone Pantopaque (iophendylate) myelography, and 1 had a history of intramedullary tumor resection. Of the patients who had sustained a previous trauma, 13 patients had a history of spinal surgery associated with their trauma, 2 of whom had undergone an additional procedure to treat the syrinx. Of the 18 patients without a history of trauma, 9 patients had previously undergone procedures to treat their syringomyelia. Patients were evaluated before surgery, at 1 week and 3-6 months after surgery, and annually thereafter. The mean follow-up period after surgery was 4.8 ± 3.4 years (range 0.3-11.4 years).
Preoperative Evaluation
Clinical Evaluation. Grades for symptoms of sensory deficit, subjective weakness, dysesthetic pain, spasticity, impaired ambulation, and signs of muscle weakness were recorded. Gait and muscle weakness were graded using standard scales. The gait scale (each score in parentheses) was as follows: normal (0), unsteady or slow walking (1), walking with assistance (2), or nonambulatory (3). Muscle weakness was evaluated using the standard ASIA motor score scale:
10 total paralysis (0), palpable or visible contraction (1), active movement, gravity eliminated (2), active movement against gravity (3), active movement against some resistance (4), and active movement against full resistance (5). The McCormick Scale was used to gauge the severity of myelopathy (Table 1) : Grade I indicates that the patient is neurologically normal or has a mild focal deficit not significantly affecting function of involved limb; mild spasticity or reflex abnormality and a normal gait are present. Grade II indicates the presence of a sensorimotor deficit affecting the function of an involved limb; severe pain or dysesthetic syndrome impairing a patient's quality of life is present; the patient has mild to moderate difficulty with gate and still functions and ambulates independently. Grade III indicates a more severe neurological deficit; the patient has significant bilateral upper-extremity impairment, requires a cane/brace for ambulation, and may or may not function independently. Grade IV indicates a severe deficit; the patient requires a wheelchair or cane/brace and has bilateral upper-extremity impairment and is usually not independent. 44 Radiological Imaging of Anatomy and Physiology. Cervical and thoracic T1-weighted MR images were obtained on a 1.5-T clinical scanner and evaluated by 2 independent examiners on a computer workstation (Carestream PACS, Carestream Health, Inc.). Low signal areas indicating regions of fluid were measured to determine and record the maximal anteroposterior diameter of the syrinx, the length of the syrinx, and the number of vertebral segments over which the syrinx extended.
Phase-contrast cine MR images of the cervical and thoracic spine were obtained in the sagittal plane for diagnostic purposes. In addition, phase-contrast cine MRI images were performed in the axial plane at C5-6 and in the thoracic spine in the region of the syrinx. Velocity and flow rates of CSF and syrinx fluid were obtained in the superior-inferior direction, with a positive sign denoting a velocity vector in the inferior direction and a negative sign indicating a vector in the superior direction (Signa Advantage Flow Analysis Software, Release 5.4, GE Medical Systems). Regions of interest included the subarachnoid space within the spinal canal and the syrinx.
Myelography was performed by injecting 10 ml of iopamidol (Isovue-M 300, Bracco Diagnostics) through the lumbar needle at the conclusion of pressure recording (see Table 2 ). Placement of dye into the thecal sac was documented fluoroscopically, after which the head end of the myelography table was declined as much as 30° in an attempt to advance the dye superiorly where it could outline lesions within the intradural space. The myelographic dye pattern was classified as 1) complete or nearcomplete block, 2) minor delay in dye flow, or 3) no apparent defect. Patients with a myelography-documented abnormality underwent spinal CT scanning that included the area of block or filling defect and 3 adjacent spinal levels superiorly and inferiorly. Patients in whom myelography showed normal findings underwent CT studies that included the region of the spinal cord affected by the syrinx and 3 adjacent spinal levels.
Spinal Subarachnoid Pressure Recording and
Physiological Testing. The baseline mean and pulse pressures in the lumbar thecal and cervical subarachnoid spaces were measured, using fluoroscopic guidance, after insertion of 22-gauge spinal needles at the C1-2 and L4-5 levels. 75 Cervical punctures were not performed in cases in which the dorsal CSF space at the C1-2 level was too small to safely perform the puncture or in which the patient declined the procedure. Simultaneous electrocardiography recording allowed analysis of pressure waves in relation to the phases of the cardiac cycle. Pressures were recorded at rest, during Valsalva maneuver, while coughing, and during jugular compression. For Valsalva testing, the individual blew into a tube for 12 seconds, with a target airway pressure of 40 mm Hg, and for cough pressure testing the individual was asked to cough normally 6 times. 72 To obtain pressure measurements during jugular compression, a blood pressure cuff was wrapped around the individual's neck loosely and rapidly inflated to 60 mm Hg for 10 seconds at a time. 23, 66 The cuff compressed the veins in the neck but did not close off the air passages or the blood flow to the head. 30 The rate of rise of intrathecal pressure (mm Hg/second) during jugular compression was measured, as was the peak pressure. To measure compliance (ml CSF/mm Hg), the change in pressure in the lumbar and cervical subarachnoid spaces in response to removal of 10 ml of lumbar CSF was determined (10 ml/pressure change with CSF removal). Pressures were recorded on the hard disc drive of a Macintosh computer (Apple Computer, Inc.) using a system of Sorenson pressure transducers, a physiological monitor (Spacelabs Medical, Inc.), an analog-to-digital converter board (National Instruments Corp.), and data acquisition software (LabView, National Instruments Corp.). Recordings were displayed using graphical computer software (KaleidaGraph, Synergy Software). Pressure transducers were calibrated with a static water column. Cerebrospinal fluid samples were sent for routine laboratory analysis. 23 
Evaluation During Surgery
Surgical Procedure and Pressure Recording. The surgical procedure was performed after induction of general anesthesia. Before making the skin incision, a lumbar catheter was placed, and intrathecal pressure, at baseline and in response to jugular compression (Queckenstedt test) and sustained forced inspiration (using a mechanical ventilator to increase intrathoracic pressure to 40 mm Hg for 12 seconds, as attempted with the Valsalva maneuver before and after surgery), was measured. In all cases the surgical approach was a laminectomy. The skin incision was centered over the region of the spine that contained the imaging-documented obstruction of the subarachnoid space. The Queckenstedt test was then repeated to assess for a block in CSF pressure transmission. Early in the study, syrinx pressure was measured after the dura and syrinx were punctured with a 22-gauge spinal needle under ultrasonographic guidance. 54 Ultrasonic imaging (see next section) was used to identify places where the dura was separated by subarachnoid CSF from the spinal cord and could be opened more safely than in other areas where the dorsal CSF space was obliterated. The dura was opened above and below the region of obstruction while maintaining the underlying arachnoid membrane. A surgical plane was developed between the dura and the arachnoid membrane. The arachnoid membrane was then opened proximal and distal to the obstruction. Membranes representing scarred arachnoid at the level of obstruction often arose from the dorsal arachnoid or dorsal dura, crossed the subarachnoid space, and adhered to the spinal cord. The arachnoid was opened lateral to sites of previous durotomy and where the arachnoid or spinal cord adhered directly to the dorsal surface of the spinal cord. Lesions obstructing the subarachnoid space, including arachnoid cysts and arachnoid bands, were removed. Obstructed shunt tubes that remained from previous surgical approaches were removed only if they could be withdrawn with gentle traction; otherwise, they were cut flush to the surface of the spinal cord, and the extramedullary portion alone was removed. A duraplasty was performed using fascia lata allograft or pericardial xenograft in all cases. The wound was closed in layers.
Intraoperative Ultrasonography. Intraoperative ultrasonography was used to plan the approach to the intradural disease and to direct needle placement into the syrinx in cases in which it was performed. Ultrasonography identified the following: 1) intradural lesions, including adhesions within the SAS, 2) sites where the dorsal subarachnoid space was obliterated and the dorsal surface of the spinal cord appeared to be attached to the dura, and 3) normal anatomy at levels in which an unobstructed CSF space was present between the dura and spinal cord. The amplitude (mm) and timing of expansion and contraction (pulsation) of the spinal cord and syrinx during the cardiac cycle were observed. Changes in size of the syrinx (67) 21 (58) 22 (61) spasticity 22 (61) 19 (53) 18 (50) ambulation normal (Grade 0) 13 (36) 18 (50) 14 (39) slow and unsteady gait ( Grade 1) 11 (31) 5 (14) 5 (14) walking w/ aid (Grade 2)
3 (8) 5 (14) 3 (8) during jugular compression and Valsalva maneuver were also noted.
Postoperative Evaluation
One week after surgery, CT myelography was repeated to evaluate the effect of the surgical procedure on CSF dye movement through the subarachnoid space across the site of surgery. Three months after surgery, patients returned to the National Institutes of Health for clinical assessment, MRI, and lumbar and cervical subarachnoid pressure testing. Grades for symptoms, gait, and muscle weakness were recorded as before surgery. The McCormick Scale grade measured 3 months after surgery was compared with the grade measured before surgery to determine functional outcome at this early time point (Table 1) . 44 Cervical and thoracic T1-weighted images were acquired using a 1.5-T clinical scanner, and studies were evaluated by the same method as preoperatively to determine and record the maximal anteroposterior diameter of the syrinx, the length of the syrinx, and the number of segments over which the syrinx extended.
The baseline mean and pulse pressures in the thecal and cervical SAS spaces were measured again at the C1-2 and L4-5 levels using the technique employed before surgery. 75 Pressures were again recorded at rest, during Valsalva maneuver, during cough, and during jugular compression. Compliance measurements were performed as before surgery. 23 Patients thereafter underwent clinical assessments and MRI annually. Grades for symptoms, gait, and muscle weakness were determined at each visit. The McCormick Scale grade measured at last follow-up was compared with the grade measured before surgery to determine long-term functional outcome. The result was deemed a "good clinical outcome" if at the patient's final visit the McCormick grade was the same or higher as the grade recorded before surgery, and the result was considered a "poor clinical outcome" if the McCormick grade was lower than before surgery. 44 
Statistical Analysis
Data are expressed as mean ± SD. Values for CSF pressure obtained in patients before and after surgery were compared with those in healthy volunteers using the unpaired Student t-test. Test values determined in patients before surgery were compared with those after surgery using the paired Student t-test. Significance was set at p ≤ 0.05. Although each step of the proposed multiple-step process of syrinx formation and progression was tested in this protocol, the primary hypothesis was that the pulse pressure in the subarachnoid space above the level of the obstruction of the subarachnoid space (the cervical subarachnoid CSF pressure wave) in patients with syringomyelia was greater than normal.
In secondary analyses we evaluated for the presence or absence of other elements in the proposed mechanism of syrinx formation and progression: 1) anatomical obstruction of the SAS, as detected by spinal MRI and CT myelography; 19, 22, 39 2) reduced compliance of the cervical subarachnoid space; 3) transmission of spinal subarachnoid pulse pressure to the syrinx as seen on intraoperative ultrasonography; 11, 12, 14, 23, 47, 50, 58, 59 4) physiological blockage of pressure transmission in the SAS; [35] [36] [37] and 5) reduction in syrinx size after surgery, as measured by change in syrinx diameter and length on T1-weighted MRI. Secondary analyses also compared the clinical examination and physiological and anatomical factors after surgery with findings from before surgery. Finally, secondary analysis of the relationship of reduction in syrinx diameter after surgery to clinical outcome was performed after stratification of patients into "good clinical outcome" and "poor clinical outcome" groups.
Results
Preoperative Evaluation
Clinical Evaluation and Radiological Imaging. Before surgery, all patients had sensory deficits. Most patients had spasticity and symptoms of weakness and dysesthetic pain. One-quarter of patients were nonambulatory, many had gait instability, but just over one-third ambulated normally. The median preoperative McCormick grade was between II and III (range I-IV) ( Table 1) .
On MRI, the mean anteroposterior diameter of the syringes measured 7.1 ± 2.8 mm, and the mean length of the syringes measured 17.3 ± 12.2 cm. Syringes extended a mean of 9.1 ± 5.2 (range 1-19) spinal segments ( Table  2 , Fig. 2 ).
Phase-contrast cine MRI proved to be of little value diagnostically because motion of the heart and great vessels produced significant artifact in the thoracic spine where many of the syringes and subarachnoid space obstructions were located. In syringes that extended into the cervical spinal cord, phase-contrast cine MRI detected movement of the CSF and syrinx fluid in synchrony with the cardiac cycle (Fig. 3) .
Myelography demonstrated the following: 1) complete or near-complete block in 11 patients, 2) minor delay in dye flow in 19, or 3) no apparent defect in 6. On CT myelography we observed a narrowing of the CSF column in the region of the segment of the spinal cord that contained the syrinx. In patients with myelographic blocks, the subarachnoid spaces around the spinal cord in the region of the syrinx were either devoid of contrast or reduced to a few narrow channels containing dye. Patients with minor or absent defects on myelography had CT myelography evidence of displacement of the spinal cord, including rotational distortion of the spinal cord in cases of arachnoiditis and flattening and anterior displacement of the spinal cord in cases in which there was an arachnoid cyst or diverticulum located dorsal to the spinal cord.
Spinal Subarachnoid Pressure Recording and Phys i o logical
Testing. Measurement of lumbar subarachnoid pressure was possible in all patients before surgery. Pressure measurement in the cervical subarachnoid space was not feasible in 4 patients, but was possible in all others. Cervical pulse pressure (2.7 ± 1.2 mm Hg), the primary outcome variable for the research study, was significantly elevated in patients compared with healthy volun-teers (1.6 ± 0.6 mm Hg; p = 0.004) (Fig. 4) . Mean cervical pressure did not differ significantly from normal. Lumbar mean and pulse pressures did not differ significantly between patients and healthy volunteers ( Table 2) .
Compliance in the cervical subarachnoid space was significantly decreased in patients compared with healthy volunteers (mean compliance 3.2 ± 1.9 ml CSF/mm Hg in patients vs 6.0 ± 4.0 ml CSF/mm Hg in healthy volunteers; p = 0.002) ( Table 2) . Likewise, compliance in the lumbar subarachnoid space was significantly decreased in patients over healthy volunteers (3.2 ± 2.1 vs 6.0 ± 4.0 ml CSF/mm Hg, respectively; p = 0.002).
The rate of CSF pressure transmission to the thecal sac (Queckenstedt test) was compromised in patients with PSS (4.4 ± 3.7 mm Hg/sec) compared with healthy volunteers (6.1 ± 2.0 mm Hg/sec) (p = 0.03) (Table 2, Fig.  5 ). The Valsalva maneuver increased cervical and lumbar pressure to a similar extent. The pressure differential between the cervical and lumbar subarachnoid space during Valsalva maneuver was only 1.4 mm Hg. A cough resulted in increases in cervical and lumbar pressure of 15.2 and 25.2 mm Hg from the baseline pressure in patients, respectively, compared with 32.9 and 45.9 mm Hg from baseline pressure, respectively, in healthy participants (p = 0.001 and 0.012, respectively). Cervicolumbar pressure differential while coughing was -14.0 mm Hg in patients and -13.0 mm Hg in healthy volunteers (Table 2) .
Intraoperative Evaluation
Intraoperative ultrasonography demonstrated that the spinal cord was expanded by the syrinx and the subarachnoid space was obliterated in cases of severe arachnoiditis. Axial ultrasonographic images revealed, in some cases, extension of the syrinx into the anterior horns of the spinal cord. When arachnoiditis was less severe, septa could be seen traversing the subarachnoid space that * Excluding parenthetical probability values, data are expressed as the mean ± SD. Abbreviation: NA = not applicable. † Four patients did not undergo cervical puncture before surgery. ‡ Six patients did not undergo physiological pressure testing after surgery (see Methods).
§ Significant difference compared with measurement before surgery (paired t-test). ¶ Significant difference compared with healthy volunteers (unpaired t-test).
would sometimes bow medially or laterally during systole. Pulsation of the syrinx occurred in synchrony with the cardiac cycle in all patients (Fig. 6 ). Syrinx pulsations were less prominent in patients that had reduced CSF pulse pressure during surgery, presumably from inadvertent loss of CSF during placement of the lumbar drain.
Evaluation After Surgery
Clinical Evaluation and Radiological Imaging. After surgery, most patients reported stable or improved dysesthetic pain and spasticity and had stable or improved muscle strength, as determined by ASIA grades. Three months after surgery (short-term outcome) there were 33 patients with good outcomes, with 4 patients improving a single McCormick grade and 29 patients remaining at the same grade as before surgery. Three patients declined a single McCormick grade and were deemed to have poor short-term outcomes. At final evaluation, 28 patients achieved a good outcome ( Table 1 ). The mean follow-up periods were 5.3 years for patients with a good outcome and 4.2 years for those with a poor outcome.
On 3-month MRI, the mean syrinx diameter (3.6 ± 3.8 mm; p < 0.0001), length (11.2 ± 12.4 cm; p = 0.0002), and span (the number of levels over which the syrinx extended 6.1 ± 5.4 segments; p < 0.0001) were significantly less than they were before surgery ( Table 2 ; Fig. 7 ).
Myelography was repeated 1 week after surgery and demonstrated the following: 1) a complete or near-complete block associated with arachnoiditis in the region of surgery in 6 patients, 2) minor delay in dye flow in 9, and 3) no apparent defect in 19. Two patients declined myelography. Three of 6 patients with complete or nearcomplete subarachnoid space obstruction not relieved by surgery had a poor outcome on 3-month evaluation, and the remaining patients had a poor outcome on 1-year evaluation. In patients in whom myelographic blocks were absent, CT myelography demonstrated expansion of the dorsal subarachnoid space under the duraplasty (Fig. 2D) .
Spinal Subarachnoid Pressure Recording and
Physiological Testing. Lumbar subarachnoid pressure measurements were performed in 30 patients and in the cervical SAS in 22 patients after surgery. Lumbar compliance after surgery (5.1 ± 3.2 ml CSF/mm Hg) increased (before surgery 3.2 ± 2.1 ml CSF/mm Hg; p = 0.02). Cervical compliance, cervical and lumbar mean and pulse pressure, and lumbar pressure during jugular compression did not change significantly in these patients (Table 2) .
Secondary Analysis of Treatment Outcome by Syrinx
Size, Extent of Disease, and Physiological Factors. The 28 patients with a good long-term clinical outcome had significant reduction in the diameter (p < 0.0001) and length (p = 0.0002) of their syringes (Table 3) . On the other hand, the mean width and length of the syrinx did not decrease following surgery in the 8 patients with poor clinical outcome (Table 3) . A good clinical outcome after surgery was also associated with smaller (p = 0.0003, chi-square test) and shorter (p = 0.004, chi-square test) syringes before surgery. Twenty-four of 26 patients with intradural scarring that was localized and could be relieved by a laminectomy of 4 or fewer levels had good outcomes; in contrast, only 4 of 10 patients with more extensive laminectomy had a good outcome (p = 0.0009, chi-square test). A postoperative reduction in syrinx size was inversely related to the number of spinal levels that were explored in an attempt to open the SAS (Fig. 7) . Physiological pressure recordings were performed in 23 of the 28 patients with a good outcome and in 7 of the 8 patients with a poor outcome. In the patients with good outcome, cervical pulse pressure, which was elevated before surgery (2.5 ± 0.9 mm Hg in patients vs 1.6 ± 0.6 mm Hg in healthy volunteers; p = 0.002), trended lower after surgery (patients 2.1 ± 0.9 mm Hg; p = 0.28). Cervical compliance, which was significantly less than normal before surgery, increased toward normal after surgery in the patients with good outcome but was reduced further in patients with poor outcome (Table 3 ). The pressure transmission across the subarachnoid block in good-outcome patients improved significantly after surgery, as indicated by a reduction in the cervicolumbar pressure differential (p = 0.02) ( Table 3 ). In patients with poor outcome the pressure transmission across the subarachnoid block was further impaired after surgery, as shown by an increase in the cervicolumbar pressure differential (p = 0.01) ( Table  3) . Patients in the poor outcome group also had significant elevations in cervical pulse pressure before surgery (3.0 ± 2.0 mm Hg in patients vs 1.6 ± 0.6 mm Hg in healthy volunteers; p = 0.01).
Discussion
The mechanism of PSS was evaluated by clinical, radiographic, and physiological tests performed before, during, and after surgery. Magnetic resonance imaging, CT myelography, and intraoperative ultrasonography identified obstruction of the subarachnoid space in all patients. The Queckenstedt test detected a physiological block to pressure transmission across the region of subarachnoid block in the patient group as a whole. In patients with apparently normal-pressure transmission within the spine, intraoperative ultrasonography provided evidence of partial obstruction and septa in the SAS and real-time demonstration of spinal CSF pulsations directed toward the spinal cord and syrinx. In these patients, the measured compliance within the cervical subarachnoid space was reduced, and the cervical pulse pressure was elevated. Surgery that effectively opened the SAS resulted in reduction in syrinx diameter and stabilization or improvement in myelopathy. 17, 27, 53 On the other hand, when surgery was ineffective, which mainly occurred in patients with obstruction of the subarachnoid space over a length of more than 4 vertebral segments, it failed to open the SAS and did not result in reduction in syrinx diameter or stabilization of myelopathy ( Table 3 ). All of these findings are consistent with a mechanism of syringomyelia that is extramedullary, not intramedullary.
Surgery produced a reduction in syrinx size that was inversely related to the number of spinal segments that needed to be explored in an attempt to open the obstructed SAS (Fig. 7) . When the obstruction of the CSF passages around the spinal cord was short in length (1-3 spinal segments) and located in one region of the spine, surgical removal of the obstruction reversed the physiological abnormalities and provided long-term resolution of syringomyelia. 13, 33, 62 However, in cases in which CT myelography and surgical observations indicated that scarring was widespread within the spinal subarachnoid pathways, surgery usually was unable to open the CSF pathways even when the laminectomy was extended over 4-10 spinal segments. Limited success in relieving syringomyelia associated with extensive arachnoiditis suggests that alternative approaches, such as the shunting of CSF or syrinx fluid to a site that can accept and absorb the fluid, should be considered in such cases.
The radiographic tests that were used in this protocol proved to be complementary. Conventional MRI identified the presence, diameter, and length of the syrinx and, in some cases, indicated the location of arachnoiditis or an arachnoid cyst within the subarachnoid space. Myelography identified the inferior and superior margin of a block, and CT myelography provided additional anatomical detail, including displacement of the spinal cord by intradural arachnoiditis or arachnoid cysts. In many cases, obstruction of the subarachnoid space was not complete in the region of focal arachnoiditis, permitting dye passage and pressure transmission. 43 Intraoperative ultrasonography was the most sensitive imaging modality for displaying abnormal local anatomy of the SAS and spinal cord. A syrinx that appeared to be a single cavity on MRI often appeared to be 2 or 3 parallel syrinx cavities on ultrasonographic images. Arachnoid bands, which were invisible or appeared as single bands on MRI, appeared on intraoperative ultrasonography as numerous bands bridging from the dorsal dura or arachnoid to the spinal cord. Ultrasonography was the only modality that detected the pulsation of the walls of the syrinx.
A Queckenstedt test, Valsalva maneuver, and cough test have been hypothesized to create pressure differentials between the subarachnoid spaces superior and inferior to obstruction of the SAS. A physiological block in CSF pressure transmission was detected using the Queckenstedt test in the present study. Sgouros and Williams 62 have hypothesized that a pressure differential is created between the cervical and lumbar subarachnoid Fig. 4 . Graphs demonstrating the pulse pressure in the cervical subarachnoid space in patients with PSS (before and after surgery) and in healthy volunteers (normal subjects) (A). Before surgery the cervical pulse pressure was significantly (*p < 0.004) increased in the PSS group compared with healthy controls (B).
Fig. 5.
Graphs demonstrating the changes in lumbar subarachnoid space pressure in response to jugular compression before (left) and after (right) surgery in the patient featured in Figs. 2 and 3 . Before surgery the rise in lumbar pressure is slower and much less than the cervical pressure. After surgery, lumbar pressure rises more rapidly and to a higher level than before surgery. (Cervical pressure recording was not performed after surgery at the patient's request.) spaces during Valsalva maneuver and cough test and that this pressure differential has a role in syrinx progression. We observed no significant pressure differentials during Valsalva maneuver. During a cough, the pressure in the lumbar and cervical subarachnoid spaces rose rapidly; the maximal lumbar pressure exceeded that in the cervical subarachnoid space, which created brief periods during which pressure differentials existed in the SAS. However, cervicolumbar subarachnoid pressure differentials were similar to those measured in healthy volunteers, which suggests that they do not have a role in syrinx pathogenesis (Table 2) .
Standard care of PSS consists of surgical approaches that do the following: 1) open obstructed CSF pathways or 2) shunt CSF or syrinx fluid. The most common procedure for PSS is laminectomy. Lesions obstructing the subarachnoid space, such as tumors and arachnoid cysts, are removed through the laminectomy opening. Many surgeons combine the laminectomy procedure with a duraplasty in which a tissue graft is used to expand the dura. In other instances, compression of the subarachnoid space is anterior to the spinal cord. Anterior lesions are inaccessible via the laminectomy approach, and relief of the obstruction requires an anterior or anterolateral approach to correct a spinal deformity that compresses the spinal subarachnoid CSF pathways.
In addition to surgical approaches that relieve the obstruction in the SAS, PSS is also treated using shunts to divert syrinx or cerebrospinal fluid. The most common syrinx shunts are syringosubarachnoid, syringoperitoneal, and syringopleural shunts. Although these therapeutic options are often initially successful, they are associated with a higher rate of morbidity, shorter duration of effectiveness, and greater incidence of syringomyelia recurrence than procedures that reconstruct the SAS. 62 Placing a shunt tube in the spinal cord has a reported risk of creating a new neurological deficit of 20%.
2 Delayed spinal cord injury due to blockage or infection of a syrinx shunt can also occur. 5, 61, 70 In the largest series of patients with posttraumatic syringomyelia, both reconstruction of the SAS (n = 18) and syrinx shunting (n = 34) resulted in an 88% success rate at 6 months after surgery. However, at 6 years postoperatively the success rate for reconstruction of the SAS was 80%, compared with 50% for shunting. 62 Occlusion of the shunts leads to delayed malfunction. Our study confirms the favorable outcome of using an approach designed to address the basis of posttraumatic syringomyelia, an obstruction to the free, pulsatile movement of CSF in the SAS, via laminectomy and duraplasty, particularly when the lesion in the SAS after spinal trauma is localized and can be removed and bridged surgically.
Primary spinal syringomyelia also may be associated with diffuse, rather than focal, obstruction of the SAS. The inflammatory response to infectious or chemical meningitis creates arachnoiditis that obliterates the subarachnoid space by creating extensive fibrous scarring in the SAS. In such cases, radiographic evaluation often demonstrates that subarachnoid space obstruction extends over so many spinal levels that decompression * Excluding parenthetical probability values, data are expressed as the mean ± SD. † Five patients in the good-outcome group and one in the poor-outcome group did not undergo physiological pressure testing after surgery (see Methods). § Significant difference compared with measurement before surgery (paired t-test).
and duraplasty cannot practically relieve it, and shunting of syrinx fluid or CSF are alternative treatments. When the proximal end of the shunt is placed in the syrinx, the distal end of the shunt must be placed where drainage is unobstructed, either in the subarachnoid space superior to the block or in the pleural or peritoneal cavity. The disadvantages of shunting the syrinx directly include immediate and delayed spinal cord injury and the inability to drain more than one chamber of a multiloculated syrinx. Some investigators have advocated shunting of the CSF rather than the syrinx fluid because syrinx fluid appears to arise from spinal subarachnoid CSF. 45, 48 In PSS, shunting of CSF from the SAS has been performed with catheters placed superior to the block of the SAS. 64, 67, 68 Shunting of CSF to the peritoneal cavity would remove the fluid, increase compliance, and lower the subarachnoid pulse pressure that drives CSF into the syrinx. In summary, when syringomyelia is associated with arachnoiditis that extends over more than 4 spinal levels, shunting of syrinx fluid or CSF appears to be a reasonable approach.
Conclusions
The goal of this study was to establish the mechanism of progression of PSS. 4 We hypothesized that PSS results from obstruction of CSF flow in the SAS; this obstruction affects spinal CSF dynamics because the SAS accepts the CSF that is rapidly displaced from the intracranial subarachnoid space as the brain expands during cardiac systole. In PSS, a subarachnoid block effectively shortens the length of the SAS, reducing CSF compliance and the capacity of the spinal theca to dampen the subarachnoid CSF pressure waves produced by brain expansion during cardiac systole. As a result, exaggerated spinal subarachnoid pressure waves occur with every heartbeat and act on the spinal cord above the block to drive CSF into the spinal cord and create a syrinx. 23, 26, 34, 50, 56, 63 After a syrinx is formed, the enlarged subarachnoid pressure waves compress the external surface of the spinal cord, propel the syrinx fluid, and promote syrinx progression (Fig.  1) . 23, 34, 50 A surgical procedure that successfully opens the SAS can correct the underlying pathophysiology of PSS and eliminate the syrinx. Invasion of the spinal cord with shunts is unnecessary in such cases.
Finally, the pathophysiological mechanism identified in the current study is identical to the mechanism that our prior studies have demonstrated for syringomyelia associated with subarachnoid space obstruction at the level of the foramen magnum in patients with Chiari Type I malformation and patients with persistent syringomyelia after prior surgery for Chiari Type I malformation. 23, 24, 50 Thus, a single mechanism, rather than multiple separate mechanisms, seems to underlie syringomyelia associated with obstruction of the SAS, whether it is a lesion at the foramen magnum or at a lower level.
